Nonalcoholic fatty liver disease (NAFLD) is characterized by insulin resistance, which results in elevated serum concentration of free fatty acids (FFAs). Circulating FFAs provide the substrate for triacylglycerol formation in the liver, and may also be directly cytotoxic. Hepatocyte apoptosis is a key histologic feature of NAFLD, and correlates with progressive inflammation and fibrosis. The molecular pathways leading to hepatocyte apoptosis are not fully defined; however, recent studies suggest that FFA-induced apoptosis contributes to the pathogenesis of nonalcoholic steatohepatitis. FFAs directly engage the core apoptotic machinery by activating the proapoptotic protein Bax, in a c-jun N-terminal kinase-dependent manner. FFAs also activate the lysosomal pathway of cell death and regulate death receptor gene expression. The role of ER stressand oxidative stress in the pathogenesis of nonalcoholic steatohepatitis has also been described. Understanding the molecular mediators of liver injury should promote development of mechanism-based therapeutic interventions.
mechanisms of liver injury in this syndrome include, but are not limited to, increased fatty acid oxidation and oxidative stress, 9 alteration of cellular membrane fatty acid and phospholipid composition, 10, 11 alteration of cellular cholesterol content, 12 disturbances in ceramide signaling, 13 and direct free fatty acid toxicity. 14 Recent developments have elucidated some of the cellular mechanisms mediating liver injury in NASH, and these are discussed in detail.
FREE FATTY ACIDS
There is unequivocal data supporting the role of circulating FFAs in the development of hepatic steatosis. 15 FFAs, here and throughout this article, refer to long chain (16 carbons or more), saturated and unsaturated fatty acids. Elevated circulating FFAs occur in patients with NAFLD. 16 Hepatic uptake of FFAs is unregulated, and in the face of elevated circulating levels, relentless hepatocyte uptake of these toxins occurs. 17 FFAs are hydrophobic and can diffuse across cell membranes or be transported by fatty acid transport proteins (FATP) or the fatty acid transporter CD36. 18, 19 In particular FATP5 is expressed by hepatocytes and aids in the uptake of long chain FFAs. 20 Mice lacking FATP5 partition lipids away from the liver to other tissues. Similarly, liver-fatty acid binding protein (FABP) is present in the cytosol of hepatocytes and in its absence hepatocytes are protected from saturated fat-induced triacylglycerol deposition. 21 It is possible that alterations in expression of these proteins promote hepatocyte lipotoxicity in humans. Although these patterns have not been clarified in human NAFLD, the contribution of circulating FFAs to liver triacylglycerol composition has been studied elegantly by Donnelly et al. Hepatocyte triacylglycerol and circulating triacylglycerol-rich lipoprotein particles contain esterified fatty acids that can arise from three sources, including circulating FFAs, indirectly from dietary carbohydrates and amino acids via de novo lipogenesis, and dietary fatty acids. In this study, adipose tissue derived circulating FFAs contributed to 82% and 62% of the total circulating pool in the fasted and fed states, respectively, which, in turn, provided 59% and 62% of FFAs in liver and circulating triacylglycerol-rich lipoprotein particles, respectively. 15 Thus, the bulk of hepatic triacylglycerol is derived from circulating FFAs, generated by adipocyte lipolysis, a feature of the insulin resistant, metabolic syndrome.
HEPATIC LIPIDS
The hepatic lipid composition of patients with nonalcoholic steatohepatitis and nonalcoholic fatty liver has recently been comprehensively profiled by Puri et al. 12 In this study, consisting of 9 subjects in each group, total hepatic lipid content and triacylglycerol were markedly elevated compared with age, sex, and body mass index matched controls. Hepatic FFAs were unchanged across the spectrum of liver injury. Within triacylglycerol and diacylglycerol, the saturated fatty acid palmitic acid and the monounsaturated fatty acid oleic acid were elevated, reflecting, perhaps, their greater availability in the circulating FFA pool. In this study, circulating FFAs were not profiled. However, others have demonstrated elevated levels of circulating oleic acid and palmitic acid in patients with nonalcoholic fatty liver. 22 In another study that profiled hepatic FFAs in patients with NASH, both oleic acid and palmitoleic acid were elevated. 23 Taken together, these studies have demonstrated the marked increase in triacylglycerol in livers of patients with nonalcoholic fatty liver and NASH, and the contribution of circulating FFAs toward deposition of hepatic triacylglycerol. Liver FFAs were not found to be consistently elevated, perhaps, secondary to their efficient esterification by the hepatocyte to form triacylglycerol. Of note, no differences were observed in the lipidomic profile of patients with NAFLD compared with patients with NASH; one can conclude from this that other pathogenic mechanisms exist to account for the development of liver injury, that are independent of the metabolic alterations leading to steatosis.
Finally, considerable data now indicate that FFAs and not their esterified products mediate lipotoxicity. In some experimental systems, diversion of palmitic acid to triacylglycerol formation-such as by cotreatment with oleic acid or by overexpression of the enzyme stearoyl CoA desaturase-1 (SCD1) that catalyzes formation of oleic acid from stearic acid and palmitoleic acid from palmitic acid-saturated fatty acid toxicity can be abrogated. 24, 25 In fact, the absence of SCD1 led to diminished hepatic lipid accumulation, supporting the fact that monounsaturated fatty acids are preferentially incorporated into triacylglycerol. Genetic deletion of diacylglycerol acyltransferase 2, an enzyme responsible for intracellular free fatty esterification prevents cellular steatosis, and accentuates rather than attenuates FFA cytotoxicity. 26 
LIPOAPOPTOSIS
Apoptosis is a key morphologic and pathogenic feature of human NASH [27] [28] [29] ; secondary to its association with excess lipid deposition, it is a form of lipoapoptosis. Apoptosis, or programmed cell death, is a form of highly regulated cell death, increasingly recognized for its pathogenic role in liver diseases. The readers are referred to recent reviews for detailed information on apoptotic pathways and their relevance in diverse liver diseases. 30 Briefly, hepatocytes can undergo apoptosis via an extrinsic pathway activated by death ligands, Fas and tumor necrosis factor related apoptosis inducing ligand (TRAIL) or via an intrinsic pathway, which can be activated by intracellular stress of membrane-bound organelles, such as lysosomes, endoplasmic reticulum (ER), and mitochondria. On activation of apoptotic cascades, mitochondrial permeabilization occurs, leading to activation of caspases 3 and 7, cleavage of cellular targets, such as cytokeratin 18, and the characteristic apoptotic morphology. The M30 neoantigen is one protein released from apoptotic cells, on cleavage of cytokeratin 18 by caspase 3 at aspartate 396 position. 31, 32 Upstream of mitochondria, members of the Bcl-2 family of proteins serve as pro-and antiapoptotic regulators. 33, 34 At a mitochondrial level, Bak and Bax, the multidomain proapoptotic members of the Bcl-2 family, are required for mitochondrial permeabilization and release of proapoptotic proteins from the intermembrane space. Other proapoptotic proteins of the Bcl-2 family are Bid, Noxa, Puma, Bim, Bmf, Bik, Hrk, and Bad (known as BH-3 domain only, based on their structure), and antiapoptotic proteins are Bcl-2, Bcl-xL, A1, and Mcl-1.
Apoptosis was first reported in patients with NASH in liver biopsy specimens. [27] [28] [29] The magnitude of hepatocyte apoptosis correlates with liver injury, with higher rates of apoptosis in patients with aspartate aminotransferase/alanine aminotransferase ratio >1. Furthermore, apoptosis was higher in patients with NASH, in comparison to patients with alcoholic steatohepatitis. 27 This study went on to demonstrate that apoptosis also correlates with histologic inflammatory activity as well as fibrosis, as subjects with higher grades of inflammation and higher stages of fibrosis had higher apoptosis rates. In a serologic assay designed to specifically measure a marker of epithelial cell apoptosis (serum cytokeratin 18 fragments), it was demonstrated that this test reliably distinguished patients with NASH from patients with simple steatosis from controls. 32 Thus, apoptosis is a key pathophysiologic feature of human nonalcoholic steatohepatitis. The factors underlying the progression of steatosis to steatohepatitis are not known; however, it is recognized that apoptosis correlates with steatohepatitis. It is possible that susceptibility to lipoapoptosis may be what separates patients with simple steatosis from steatohepatitis. Known cellular mediators of this lipoapoptosis are discussed here.
FREE FATTY ACID-INDUCED APOPTOSIS
Long chain FFAs (containing 16 carbons or more) of biologic relevance are further divided into saturated fatty acids, monounsaturated fatty acids, and polyunsaturated fatty acids based on the presence of double bonds. The most abundant and well-studied FFAs in the context of apoptosis are palmitic acid, a 16 carbon length saturated fatty acid (C16:0), oleic acid, an 18 carbon length monounsaturated fatty acid (C18:1), stearic acid, a 18 carbon length saturated fatty acid (C18:0), and palmitoleic acid, a 16 carbon length monounsaturated fatty acid (C16:1). 12, 16, 22 The polyunsaturated fatty acids are altered in NASH, 23 and alter hepatic gene expression especially lipid metabolism and inflammatory gene expression; however, they have not proved to be directly toxic to hepatocytes and are not discussed further. In fact, when analyzed in detail, hepatocyte apoptosis and injury were independent of dietary polyunsaturated fatty acid content in an animal model. 35 Saturated fatty acids can induce apoptosis in many different cell types. Palmitic acid induces apoptosis in pancreatic β cells, 36, 37 cardiac myocytes, 38 microvascular endothelial cells, 39 and hepatocytes, among many cell types. When individually studied in a reductionist model, the monounsaturated fatty acids, oleic acid, and palmitoleic acid lead to apoptosis as well, 14 but this is minimal, compared with the saturated fatty acids. Indeed, in hepatocyte-and several nonhepatocyte cell lines oleic acid treatment or increased expression of SCD1 favors triacylglycerol deposition, which is associated with decreased toxicity, due to decreased cellular levels of the toxic saturated fatty acids. 25, 40 
MITOCHONDRIAL PATHWAY
In hepatocytes, saturated fatty acids, palmitic acid, and stearic acid lead to a concentrationand time-dependent lipoapoptosis 14 (Fig. 1 ). These toxic fatty acids activate the intrinsic apoptotic pathway, leading to Bax activation, mitochondrial permeabilization, release of cytochrome c and activation of caspases 3 and 7. Bax activation in this model is regulated by the proapoptotic protein Bim and C-jun N-terminal kinase (JNK) an intracellular stress kinase. JNK is activated by FFAs in proportion to their toxicity and indeed FFA-induced Bax activation and lipoapoptosis were JNK-dependent. Furthermore, in cell free systems, it has been demonstrated that palmitic acid promotes Bax-induced permeabilization of liposomes. 41 Whether the altered and elevated fatty acids observed in NASH directly activate Bax is an interesting question, and not easily addressed in the complex in vivo milieu.
BH-3 ONLY PROAPOPTOTIC PROTEINS
Bim expression was induced by the saturated fatty acids, palmitic acid and stearic acid, and was independent of JNK. 14, 42 Palmitic acid and stearic acid led to protein phosphatase 2A mediated dephosphorylation and activation of the transcription factor FoxO3a, a member of the Forkhead box-containing proteins, class O. 42 Indeed, FoxO3a not only induced Bim expression, but palmitic acid and stearic acid toxicity could be abrogated by inhibition of FoxO3a activation or expression. Oleic acid, which was found to be minimally toxic, led to only very modest expression of Bim and FoxO3a activation, consistent with its lower toxicity. In neuronal cortical cells, oleic acid induces apoptosis via dephosphorylation of Bad, another potential mechanism for FFA-induced hepatocyte lipoapoptosis. 43 The mechanism for protein phosphatase 2A activation was not elucidated in these studies; however, this phosphatase can be activated by ER stress in hepatocytes, 44 and this is a likely mechanism for its activation during lipoapoptosis (vide infra).
LYSOSOMAL PATHWAY
FFAs can also activate the lysosomal pathway of apoptosis. 45, 46 Lysosomes are membranebound organelles that maintain an acidic intravesicular pH and contain hydrolytic enzymes that are active at an acidic to neutral range of pH. Cathepsin B is one of the family of lysosomal proteases known as cathepsins that is abundant and active at neutral pH. It is released into the cytosol on lysosomal permeabilization and can mediate downstream mitochondrial permeabilization and caspase activation. 47 A combination of oleic acid and palmitic acid (2:1), which was minimally toxic per se, led to lysosomal permeabilization and release of cathepsin B secondary to FFA-induced Bax activation and translocation to lysosomes. 46 Furthermore, in patients with NASH, lysosomal permeabilization and cathepsin B release correlate with the degree of inflammatory activity, and cathepsin B deficient mice were protected from diet-induced fatty liver despite development of obesity. Furthermore, lysosomal permeabilization was associated with nuclear factor κB (NF-κB) activation, which resulted in hepatocyte generation of tumor necrosis factor α (TNF-α). Thus, this study provides significant insight into the source of TNF-α in NASH. In a followup study, it was demonstrated that palmitic acid treatment alone could lead to Bax activation and lysosomal permeabilization. 45 Palmitic acid treatment was also associated with decreased expression of the antiapoptotic protein Bcl-xL. Forced overexpression of Bcl-xL abrogated lysosomal permeabilization and apoptosis in palmitic acid treated cells.
ENDOPLASMIC RETICULUM
The ER is an intracellular membranous network that performs key cellular functions. Protein synthesis and processing (in association with ribosomes), lipid synthesis, carbohydrate metabolism, calcium sequestration, drug detoxification, and protein glycosylation are some of the functions of the ER. In situations of "ER stress," key adaptive functions are activated by membrane sensors of ER stress and are collectively termed the unfolded protein response. 48, 49 These adaptive processes serve to overcome the stress stimulus; however, when faced with prolonged ER stress, apoptotic pathways are activated, prevail, and lead to cell death. The membrane transducers of ER stress are inositol-requiring protein-1 (IRE1), activating transcription factor 6 (ATF6), and protein kinase RNA-like ER kinase (PERK). Their downstream mediators are mentioned here, as they serve as markers of ER stress. IRE1 activation can lead to JNK activation and endoribonucleolytic cleavage of X-box binding protein-1 (uXBP1) mRNA to its spliced form (sXBP-1), both of which are markers of ER stress. PERK activation phosphorylates eukaryotic translation initiation factor-2α (eIF2α), leading to selective translation of activating transcription factor-4 (ATF-4), transcription of C/EBP-homologous protein (CHOP) and activation of NF-κB, and growth arrest and DNA damage 34 (GADD34).
Early work in mouse models of genetic and dietary obesity demonstrated that ER stress was induced in the liver leading to JNK activation, along with other markers of ER stress. 50 JNK activation led to serine phosphorylation of insulin receptor substrate 1 (IRS-1) resulting in insulin resistance. In an experimental model, mice fed a diet enriched in saturated fatty acids activated the ER stress pathway characterized by sXBP-1, increased BiP/GRP 78 (immunoglobulin binding protein), and CHOP protein had higher rates of apoptosis compared with mice fed a control diet or a diet enriched in polyunsaturated fatty acids. 35 In a follow-up study, by dissecting the toxicity of individual fatty acids, it was demonstrated that the saturated fatty acids, palmitic acid and stearic acid activated the ER stress pathway and led to apoptosis in vitro; however, this was not observed in oleic acid or linoleic acid treated cells. 51 Indeed, palmitic acid induced ER stress and toxicity were abrogated in oleic acid or linoleic acid treated cells. In human subjects with NAFLD and NASH, robust activation of PERK, as measured by phosphorylation of eukaryotic translation initiation factor-2α (p-eIF2α) was observed. 52 However, downstream of this, ATF4, CHOP, and GADD34 activation was not uniformly observed. BiP/GRP 78, a major ER chaperone protein and regulator of the transducers of ER stress, mRNA levels were elevated in subjects with NASH, uXBP-1 mRNA was increased in NAFLD and sXBP-1 mRNA was decreased in NASH. These changes demonstrate the activation of ER stress pathways in human fatty liver; however, no consistent pattern of alterations was identified and actual protein content of these markers was not evaluated. Recognizing the limitations of human studies, this opens an area for future research, with detailed experimental studies to address the role of ER stress in the pathogenesis of NASH. Indeed, the patchy activation of some markers, poses the question, "Is NASH a heterogeneous group of disorders, at least at the mechanistic and molecular level?"
C-JUN N TERMINAL KINASE
JNK belongs to a family of intracellular mitogen activated protein (MAP) kinases; on activation it leads to phosphorylation and activation of transcription factors leading to the regulation of gene expression, such as immediate-early genes. 53 It can also phosphorylate and regulate other proteins. For example, JNK mediated phosphorylation of Bcl-2 inactivates it and promotes apoptosis. 54 JNK may also directly activate Bax, leading to apoptosis. 55 In cellular models of saturated fatty acid induced toxicity, JNK mediates Bax activation and apoptosis, both of which are abrogated in the presence of JNK inhibitors. 14 Of three known JNK genes, two are expressed in the liver, JNK1 and JNK2. In experimental murine dietary and genetic models of obesity, JNK is activated in the liver, along with adipose tissue and skeletal muscle, 56 and JNK1 mediates obesity-induced insulin resistance. In murine methionine and choline deficient dietary model of steatohepatitis, JNK1 mediates the development of liver injury. 57 JNK2 may also be involved in steatohepatitis, but its function is not obvious in the presence of JNK1. 58 JNK activation is observed in liver samples from subjects with NASH. 52 Subjects with NAFLD demonstrated JNK phosphorylation levels that were similar to control subjects.
DEATH RECEPTORS
Death receptors are cell surface receptors that belong to the tumor necrosis factor receptor gene superfamily. 30 They are transmembrane proteins that bind their cognate ligands on the cell surface and signal cell death through conserved cytoplasmic death domains by recruitment of adaptor molecules. Tumor necrosis factor receptor 1 (TNFR-1) and tumor necrosis factor receptor 1 (TNFR-2) are expressed on hepatocytes, and are activated by tumor necrosis factor α. Only TNFR-1 is a complete receptor and can initiate intracellular apoptosis. On activation, TNFR-1 first activates NF-κB leading to transcriptional activation of its target genes, including proinflammatory genes and survival signals. Later, the receptor-ligand complex leads to initiation of apoptotic signaling if NF-κB mediated survival signals are inhibited. TNF-α can also lead to JNK activation, which, if sustained can promote cell death. Primary hepatocytes are resistant to the apoptotic effects of TNF-α; however, in the presence of protein synthesis inhibitors, or NF-κB inhibitors, hepatocytes will undergo TNF-α mediated cell death. Fas is expressed on hepatocytes, is activated on binding Fas ligand, and signals apoptotic cell death. Unlike TNF-α, Fas activation in itself leads to apoptotic cell death. Tumor necrosis factor related apoptosis inducing ligand (TRAIL) and two of its receptors TRAIL receptor 2 [TRAIL-R2/death receptor 5 (DR5)] and TRAIL receptor 1 [TRAIL-R1/death receptor 4 (DR4)] have been implicated in the pathogenesis of NASH.
TNF-α is a proinflammatory cytokine that can also induce cell death in susceptible cells. Obesity is a chronic inflammatory state characterized by adipose tissue macrophage infiltration and the release of many inflammatory mediators, 59 including but not limited to TNF-α. 7 Adipose tissue and circulating TNF-α levels are elevated in dietary obesity and lead to insulin resistance. TNF-α promotes the development of hepatic steatosis by increasing lipogenic gene expression, 60 and pharmacologic or genetic inhibition of TNF-α signaling is associated with decreased hepatic steatosis. 61, 62 An apoptotic role for TNF-α in human NASH has not been observed. Fas expression is enhanced in livers of patients with NASH. 27 In dietary murine models, such as the methionine and choline deficient diet, and the high sucrose diet, the induction of steatosis is accompanied by an increase in hepatic Fas expression. 63, 64 Increase in Fas expression confers sensitivity to Fas ligand mediated apoptosis. In a genetic murine model of obesity and fatty liver, steatotic hepatocytes were sensitized to Fas toxicity, however, this phenomenon occurred in the absence of enhanced Fas expression. 65 In cell culture systems, steatotic cells induce the expression of Fas and are sensitized to its apoptosis inducing effect. 63 Similarly, TRAIL-R2 expression is enhanced in free fatty acid treated cell lines. 66 Even the minimally toxic fatty acid, oleic acid induces TRAIL-R2 expression and sensitizes cells to TRAIL-induced apoptosis. Steatotic cells are not sensitized to TNF-α toxicity. 66 JNK activation transcriptionally regulates the oleic acid induced TRAIL-R2 upregulation and sensitization to TRAIL. In human samples, TRAIL-R2 and TRAIL-R1 expression was upregulated in steatotic livers. 66, 67 Though healthy human hepatocytes are thought to be resistant to TRAIL, steatosis sensitizes hepatocytes to TRAILinduced apoptosis. 67 
CERAMIDE
Ceramides are complex lipids composed of sphingosine and fatty acid, synthesized in the ER from sphingosine and a fatty acid moiety, usually palmitoyl CoA. 13 Long chain saturated fatty acid availability is the rate-limiting step in ceramide synthesis; therefore, in nutritional obesity with associated elevations of palmitic acid and stearic acid, excess ceramide synthesis is possible. Ceramide further combines with phosphorylcholine forming sphingomyelin, the major sphingophospholipid in humans. Ceramide can also be rapidly generated from sphingomyelin by sphingomyelinase induced hydrolysis. The role of ceramides in insulin resistance has been reviewed elsewhere. 68 In a hematopoietic precursor cell line, palmitic acid and stearic acid treatment induced de novo ceramide synthesis, which was associated with apoptosis. 69 Palmitic acid induced apoptosis was abrogated by pharmacologic inhibitors of de novo ceramide synthesis, and enhanced by promoting ceramide synthesis by preventing mitochondrial uptake of palmitoyl CoA. Though TNF-α and Fas can both activate sphingomyelinases leading to rapid accumulation of ceramide, and its regulation of apoptosis, the role of ceramide in the pathogenesis of human fatty liver is unclear. In a murine model, saturated fat diet induced obesity led to liver injury via ER stress and apoptosis, independent of ceramide. 35 Palmitic acid induced lysosomal permeabilization was also ceramide independent, as was the induction of Bim expression by FoxO3a by palmitic acid and stearic acid. 42, 46 Basal sphingomyelin content was unchanged across the range of normal liver to fatty liver to steatohepatitis, though it cannot be excluded that in the Fas-induced apoptotic signaling cascade, ceramide may play a role. 12, 70 
CHOLESTEROL
Analyses of lipid composition of human liver samples demonstrates a progressive increase in free cholesterol content in subjects with NAFLD and subjects with NASH, achieving a significant, almost 2-fold, increase in free cholesterol compared with controls. 12 This is accompanied by an increase in serum total cholesterol in both conditions. Liver cholesterol ester levels are comparable in all three groups. In one rodent study designed to evaluate the role of dietary free cholesterol loading, rats fed a high cholesterol diet developed a microvesicular steatosis and were sensitized to the apoptotic effect of TNF-α, whereas, control-fed (Lombardi-diet) rats developed macrovesicular steatosis with no sensitization to TNF-α 71 . Furthermore, free cholesterol loading of the endoplasmic reticulum in this model was insufficient to induce ER stress. The observed sensitization to TNF-α in this study was secondary to reduced mitochondrial glutathione stores and could be corrected by Sadenosyl-L-methionine, which repletes mitochondrial glutathione levels. In atherosclerotic macrophages, free cholesterol accumulation leads to calcium depletion and ER stress with activation of the unfolded protein response and ER stress induced apoptosis. 72, 73 The role of free cholesterol in human nonalcoholic steatohepatitis, and its ability to induce ER stress requires further investigation.
OXIDATIVE STRESS
Oxidative stress, due to increased generation of reactive oxygen species and decreased antioxidant defenses is observed in human and experimental models of steatohepatitis. 10, 74, 75 Enhanced mitochondrial and microsomal fatty acid β oxidation, cytochrome P450 (CYP) 2E1 (CYP2E1) induction, and leukocyte infiltration can all lead to oxidative stress. Several groups have studied markers of oxidative stress in liver samples as well as plasma samples from subjects with NAFLD and NASH. A significant increase in oxidative stress measured by oxidized cellular components, such as 3-nitrotyrosine was demonstrated in patients with both fatty liver and steatohepatitis; although patients with steatohepatitis had higher levels than steatosis alone. 10 Similarly, HNE (4-hydroxy-2-noneal, a marker of lipid peroxidation) and 8-hydroxydeoxyguanosine (a marker of oxidative DNA damage) both progressively increased in subjects from simple steatosis to steatohepatitis. 75 Thiobarbituric acid-reacting substrate (TBARS) or malondialdehyde levels, also a marker of lipid peroxidation are elevated in liver samples from subjects with NAFLD. [76] [77] [78] Hepatic CYP2E1 levels are increased in patients with NAFLD, 79 and in one study evaluating liver expression and plasma activity of CYP2E1 no difference was found between steatosis and steatohepatitis. 80, 81 In a large retrospective study of 167 patients (79 with simple steatosis and 24 with steatohepatitis), antibody levels against lipid peroxidation derived antigens were significantly elevated compared with controls. 82 However, within the NAFLD cohort, antibody levels did not correlate either with extent of steatosis or with the presence and grade of inflammatory activity. Thus, oxidative stress may contribute to the development of both steatosis and steatohepatitis, though in the later condition in some studies the level of oxidative stress markers is higher than simple steatosis alone.
TOLL-LIKE RECEPTORS
Toll-like receptors (TLR) are a family of pattern recognition receptors that recognize microbial pathogens and respond by activating the innate immune system. In macrophage cell culture systems, the medium chain fatty acid, lauric acid (C12:0) can activate TLR4 and dimerized TLR2, whereas the polyunsaturated fatty acid, docosahexaenoic acid inhibits activation of all TLRs tested. 83 TLR4 can also be activated by palmitic acid leading to activation of NF-κB, and upregulation of its target genes, TNF-α and interleukin (IL-) 6 in macrophages and adipocytes. 84 Mice lacking TLR4 demonstrate greater obesity when fed a high fat diet, compared with wild-type controls, but are still partially protected against development of insulin resistance. 85 Liver tissue from these mice demonstrates the absence of inflammatory gene expression induction by high fat diet, pointing to the role of TLR4 in the pathogenesis of obesity-related hepatic inflammation. In the methionine and cholinedeficient dietary model of murine steatohepatitis, TLR4 activation results in greater systemic levels of TNF-α and IL-6 and IL-12. 86 Mice lacking TLR4 demonstrate decreased liver injury, triacylglycerol accumulation, and inflammatory gene expression. Hepatocyte apoptosis and FFA levels were not determined in these studies.
CONCLUSIONS
NAFLD is characterized by insulin resistance that leads to the deposition of fat, predominantly triacylglycerol in the liver. The steatotic liver exhibits low-grade liver injury, hepatocyte apoptosis, and oxidative stress. However, a proportion of patients develops progressive liver injury, hepatocyte apoptosis, exhibits greater oxidative stress, and develops liver inflammation. Similar to other environmental disorders, such as lung cancer in smokers or alcoholic steatohepatitis, the factors that lead to the progression of steatosis to steatohepatitis, are likely multiple and complex. We propose this model of hepatocyte injury in fatty liver: in the susceptible steatotic hepatocyte, circulating FFA can activate myriad intracellular responses (Fig. 2) . These include JNK activation, TLR4 activation, Bax activation, lysosomal permeabilization, and ER stress. If these changes are of sufficient magnitude, mitochondrial permeabilization and hepatocyte apoptosis ensue. In other hepatocytes, circulating FFA uptake can regulate gene expression, enhancing susceptibility to Fas and TRAIL induced apoptosis. In patients with NAFLD, hepatocyte apoptosis is significantly higher in patients with steatohepatitis as opposed to simple steatosis. Enhanced susceptibility to apoptosis in fatty hepatocytes such as by regulation of Bcl-2 family proteins or alterations in JNK activation is a possible explanation for the development of progressive steatohepatitis. Alternatively, the ER stress pathway may be preferentially activated in patients that develop progressive steatohepatitis. Better understanding of the molecular pathways of liver injury should promote development of diagnostic and therapeutic interventions aimed at reducing the morbidity and mortality associated with NAFLD. Free fatty acids (FFAs) induce hepatocyte apoptosis. FFAs can modulate both the extrinsic and the intrinsic pathways of hepatocyte apoptosis. The saturated fatty acids, palmitic acid and stearic acid, lead to c-jun N-terminal kinase (JNK) dependent activation of the proapoptotic protein Bax, which then leads to mitochondrial permeabilization with release of cytochrome c, activation of effector caspases, and apoptosis. Palmitic acid can also activate the lysosomal pathway of apoptosis, via Bax activation and Bax-dependent lysosomal permeabilization. Furthermore, palmitic acid and stearic acid activate protein phosphatase 2A (PP2A) leading to activation of FoxO3a, and transcriptional activation of the proapoptotic protein Bim. The monounsaturated fatty acid, oleic acid, which is minimally toxic per se, imparts sensitivity to the death receptor mediated extrinsic pathway of apoptosis. Fas and TRAIL-R2 expression is induced by oleic acid treatment. TRAIL-R2 expression is under the transcriptional control of JNK in oleic acid treated cells. This sensitizes fatty hepatocytes to circulating Fas or TRAIL. Free fatty acids (FFAs) and their molecular targets. FFA toxicity occurs at multiple molecular levels. Palmitic acid and stearic acid induce Bim expression, under transcriptional control of FoxO3a. Free fatty acids can activate c-jun N-terminal kinase (JNK), and the magnitude of induction correlates with their toxicity. JNK activation leads to Bax-induced mitochondrial permeabilization. Bax can also lead to lysosomal permeabilization and apoptosis. Increased oxidation of fatty acids promotes the formation of reactive oxygen species, resulting in antioxidant depletion and oxidative stress. Toll-like receptor 4 is activated by palmitic acid and oleic acid, thus regulating inflammatory gene expression. Endoplasmic reticulum stress is also a feature of human nonalcoholic fatty liver disease and can be induced by saturated fatty acids, palmitic acid and stearic acid; however, the mechanisms are unclear.
